I. INTRODUCTION The unique properties of left handed metamaterials (LHMs) have brought novel concepts in electromagnetic propagation characteristics, and novel devices [1] [2] [3] [4] [5] [6] [7] [8] . Two methods are reported for realization of LHMs-(a) resonant approach [2] , using SRR with metal wire (b) transmission line approach [3] using inert digital capacitor (IDC) and stubs, also known as non resonant approach. The resonant approach towards LH metamaterials is not practical in microwave applications due to right handed (RH) half-wavelength resonator [3] , [5] . Although these LHMs based resonator are smaller in size as compared to the conventional RH resonator, though it has limited application in wireless communication system because of their narrow bandwidth. The ZOR reported in [3] has the fractional bandwidth of 0.77% whereas the fractional bandwidth reported in [5] for ZOR antenna is
~0.2%.
This paper presents an improved zeroth order resonator based on CRLH TL with two coupling capacitors at input and output ports. The CRLH TL uses combination of inter digital capacitor (IDC) in series and via to the ground plane at the stub ends in shunt. A conventional ZOR of the same class based on the CRLH TL with two coupling slots at the input and output ports is also presented for the performance comparison. The proposed ZOR is having the extended bandwidth of 20.66% as compared to 0.77% for the conventional ZOR, and also improved performance in terms of return loss and insertion loss.
II. THEORY OF CRLH TL AND ZOR
The equivalent circuit model of CRLH TL unit-cell is shown in Fig. 1 , which consists a series RH inductance (L R ), a series LH capacitance (C L ), a shunt RH capacitance (C R ), and a shunt LH inductance (L L ). If Z s and Y p are respectively the per unit length series impedance and per-unit length shunt admittance of CRLH TL unit cell shown in Fig.1 , then these can be expressed as [7] , [8] , [9] ( )
The shunt frequency (ω sh = ω 1 ) and the series frequency (ω se = ω 2 ) are given by
, and sign function )) ( ( ω s , for the CRLH unit-cell are given by [3] , [4] , [6] , [7] . [3] , [7] , [8] , its resonance occurs when impedance Z l = ∞, the input impedance (Z in ) seen from one end of the resonator toward the other end is given by [7] , [8] 
Where Z C and x ∆ are the characteristics impedance and unit-cell length of the CRLH TL.
From (9) 
III. DESIGN OF CRLH TL BASED ZORs
The layout of the 1.5 unit-cell ZOR (called as design A) and the proposed 1.5 unit-cell ZOR are shown in Fig. 3 and Fig. 4 respectively. As shown in these figures the conventional (design A) ZOR is designed by using two coupling slots at the input and output ports, whereas proposed ZOR is designed by using two coupling capacitors at the input and output ports inplace of coupling slots, to provide a strong coupling to the CRLH TL, which causes the increase in bandwidth and improvement in the return loss and insertion loss. The gap capacitance mentioned in design A and IDC capacitance mentioned in proposed design of ZOR are the external coupling capacitors, which determine the bandwidth of the resonators. The gap capacitance as mentioned in the design A is found to be 0.11 pF, whereas for IDC capcitance as mentioned in the proposed design of ZOR is found to be 2.31 pF. The impedance of the transmission line of design A is found to be 77.1 Ω, whereas for proposed design impedance is found to be 62.3 Ω.
The dispersion diagram (ω-β curve) for design A, ZOR of Fig. 3 is depicted in Fig. 5 respectively and also the propagation constant (β) becomes zero at frequency 1.8 GHz, which is known as zeroth order resonance frequency (f 0 ).
Since β becomes zero at resonance frequency, hence wavelength λ g becomes infinite, and hence the resonant frequency of the zeroth-order mode becomes independent of the size of the resonator. The dispersion diagram for proposed ZOR of Fig. 4 is depicted in Fig. 6 The simulated S-parameters characteristic for design A, based on coupling slots is computed by using full-wave electromagnetic simulator, IE3D is shown in Fig. 7 . The zeroth order resonance (f 0 ) is observed at frequency 1.8 GHz which is also expected from the dispersion curve discussed in Fig.   5 . Fig. 7 shows that the return loss and insertion loss are -7.79 dB and -8.19 dB at resonance frequency of 1.8 GHz. The bandwidth and fractional bandwidth are 0.016 GHz and 0.88 % respectively. Due to this very narrow fractional bandwidth such type of conventional ZOR is not practical for the use in wireless communication systems.
The fabricated layout of the 1.5 unit-cell conventional zeroth order resonator (design A) is shown in Fig. 8 . The comparative measured and simulated S-parameters vs. frequency plot is shown in Fig.   9 . Fig. 9 shows that the measured zeroth order resonant frequency, return loss, insertion loss, bandwidth and fractional bandwidth are 1.8 GHz, -6.63 dB, -9.09 dB, 0.014 GHz and 0.77 % respectively. Fig. 8 . The photograph of the design A, ZOR using coupling slots at the input and output ports. The simulated S-parameters characteristic for proposed ZOR based on coupling capacitors (Fig. 4) is computed by using full-wave electromagnetic simulator, IE3D is shown in Fig. 10 . The zeroth order resonance (f 0 ) is observed at frequency 1.5 GHz, as observable in the dispersion curve discussed in Fig. 6 . The fabricated layout of the 1.5 unit-cell proposed zeroth order resonator is shown in Fig. 11 . The comparative measured and simulated S-parameters vs. frequency plot is shown in Fig. 12 . Fig. 12 shows that the measured zeroth order resonant frequency, return loss, insertion loss, bandwidth and fractional bandwidth are 1.5 GHz, -26.31 dB, -0.42 dB, 0.31 GHz and 20.66 % respectively. The minor difference between the simulated and measured results can be observed in the plots of Fig. 9 and Fig. 12 , because of fabrication error, mismatch between the connector and input, output transmission lines and finite ground plane. These fabricated results are in good agreements with the simulated results. All these measured and simulated results for design A, ZOR and proposed ZOR are summarized in Table I . In this paper an improved novel zeroth order resonator is reported, and its simulated and measured performance is compared with the conventional previously reported zeroth order resonator. The proposed 1.5 unit-cell zeroth order resonator based on coupling capacitors is having very low measured insertion loss (-0.42 dB) at resonance frequency of 1.5 GHz as compared to the conventional 1.5 unit-cell zeroth order resonator based on coupling slots, which has the high insertion loss; -9.09 dB at the resonance frequency of 1.8 GHz. Moreover the proposed ZOR is having better return loss as compared to the conventional ZOR. A valuable improvements in the measured fractional bandwidth for proposed ZOR is also observed, which is 20.66%, as compared to the conventional ZOR, for which measured fractional bandwidth is very narrow, 0.77 %. Due to these advantages this proposed resonator profile may find applications in microwave and wireless communication. 
